Slip heterogeneity reflects the fundamental physics of earthquake rupture and has 2 been attributed to strong fault patches termed asperities or barriers. We propose that 3 variations in fault surface orientation due to slip-parallel corrugations may act as 4 geometric asperities and barriers, generating variations in incremental (i.e. due to a single 5 earthquake) slip across a fault surface. We evaluate this hypothesis using observations 6 from the Arkitsa normal fault exposure in central Greece. We propose that slip heterogeneity associated with corrugations may play an 21 important role in the evolution of fault surface morphology both by smoothing fault 22 surfaces in the slip perpendicular direction and by generating wall rock flow 23
Introduction 34
Slip during earthquakes, imaged by geophysical inverse studies (Mai & Beroza, 35 2002, and references therein) and direct observations of surface ruptures (Wesnousky, 36 2008, and references therein), is heterogeneously distributed across fault surfaces. This 37 heterogeneity reflects the fundamental physics of earthquake rupture and has been 38 attributed to asperities and barriers, strong fault patches that respectively accumulate high 39 pre-slip stress leading to large coseismic slip magnitude or resist coseismic slip and 40 generate high post-seismic stress (Aki, 1984; Kanamori & Stewart, 1978) . Asperities and 41 barriers are inferred to play a fundamental role in earthquake nucleation and termination 42 (e.g. Schwartz & Coppersmith, 1984; Wesnousky, 2006) , the evolution of near fault 43 stress including the occurrence of foreshocks and aftershocks (e.g. Das & Scholz, 1981 ; 44 Dodge et al., 1996; King et al., 1994; Oppenheimer et al., 1988; Woessner et al., 2006) , 45 and generation of high-frequency seismic radiation (e.g. Madariaga, 1983; Spudich & 46 Frazer, 1984) . At present, dynamic models of earthquake rupture are unable to uniquely 47 resolve the underlying physical causes of slip heterogeneity (Guatteri & Spudich, 2000 ; 48 Peyrat et al., 2004) . Observations of exhumed fault zones, however, provide a means to 49 directly observe fault zone geometry and architecture at the scale of earthquake slip and 50 thus investigate likely causes of slip heterogeneity including rheological and geometric 51 asperities or barriers. 52
Investigations of exposed fault zones reveal a consistent architecture in which a 53 broad damage zone surrounds a narrow core that is generally cut by through-going shear 54 surfaces that accommodate the majority of slip (Chester & Chester, 1998; Chester & 55 Logan, 1986; Wilson et al., 2003) . Fault surfaces are in turn characterized by a suite of 56 structures elongated sub-parallel to the slip direction (e.g. Stewart & Hancock, 1991) . 57
Fault surfaces are thus naturally rougher in the direction perpendicular to slip than in the 58 direction parallel to slip (Power et al., 1987; Renard et al., 2006 ). This effect is greater 59 for large-slip faults (Sagy et al., 2007) and likely reflects processes of frictional wear 60 (Power et al., 1988; Sagy et al., 2007) . Fault surface roughness in the direction 61 perpendicular to slip is approximately self-similar for wavelengths ranging from 10 -5 to 62 10 5 m (Lee & Bruhn, 1996; Power & Tullis, 1991; Sagy et al., 2007) . In detail, however, 63 scaling parameters appear to vary between specific wavelength ranges, a phenomenon 64 that has been attributed to different physical processes acting at various length scales (e.g. 65 Lee & Bruhn, 1996) . Shorter wavelength features: slickenside lineations, tool-tracks, and 66 gutters, generally termed striations, have widths (half wavelengths) << 1 m and lengths < 67 5 m. Striations are interpreted to form due to frictional wear associated with asperities 68 (used here in the physical sense) on the fault surface, with individual structures typically 69 recording a single seismic event (Engelder, 1974 Although the mechanism(s) leading to the formation of corrugations is less clear, they are 72 interpreted to form through processes of fault growth (Ferrill et al., 1999; Hancock & 73 Barka, 1987) and/or flow instabilities within fault zones (Sagy & Brodsky, 2009 (King et al., 1994) , as well as variations in long-term slip direction (Maerten, 2000 ; 83 Roberts, 1996) . Small-scale slip-parallel roughness has also been suggested as a major 84 source of geometric asperities and barriers through variation in dynamic friction 85 parameters (Power et al., 1987) roughness in earthquake and fault mechanics has received considerably less attention 88 than the roles of small-scale slip-parallel or large-scale fault surface roughness. 89
We propose that variations in fault surface orientation due to corrugations may 90 lead to differences in resolved tractions on active fault surfaces. In this manner slip-91 perpendicular roughness due to slip-parallel corrugations may act as geometric asperities 92 and barriers, generating variations in incremental (i.e. due to a single earthquake) slip 93 direction and magnitude across a fault surface. On exposed fault surfaces striations, 94
formed during incremental slip, may therefore record slip heterogeneity associated with 95 variations in surface orientation due to corrugations. In this study we evaluate this 96 hypothesis using observations of fault surface morphology and striation orientation from 97 the spectacular Arkitsa Fault exposure in central Greece. We find that striations 98 orientation varies systematically with changing fault normal direction across the 99 corrugated surface even though corrugations and striations have similar mean directions 100 (differing by less than 10° in azimuth). We conclude that corrugations are a likely source 101 of geometric asperities and barriers and may be of particular importance for large-slip 102 faults where slip surfaces are significantly smoother in the slip direction due to processes 103 of frictional wear. 104 105
Description of the Arkitsa fault surface 106
The study area is located near the eastern end of the Arkitsa fault (Figure 1 analysis suggests that changes in striation orientation are a function of both the 287 magnitude and direction of changes in the fault surface orientation. We propose a likely 288 explanation for these relationships is that the variation in slip direction reflects changes in 289 resolved shear traction associated with a remote tectonic stress (Angelier, 1979; Bott, 290 1959; Wallace, 1951) . To evaluate this hypothesis we determined an optimal remote 291 stress tensor using Fault and Stress Analysis software (Celerier, 2006) . The rakes 292 predicted from this model have a root-mean-square error (RMSE) of 4.8° in comparison 293 to observed rake data, an improvement over the assumption of a constant slip direction 294 (RMSE 5.3°). The remaining error may be due to random variation and measurement 295 error, however, we suspect an additional source of error is the effect of near-fault stress 296 perturbations due to slip on the irregular surface (Pollard et al., 1993) . A more complete 297 model would also account for stress interactions and wall-rock deformation across the 298 slipping corrugated fault. in this manner. They noted that the bumps were associated with lenses of granular 317 material, visible where the fault surface was breached due to erosion, and suggested that 318 the bumps may be boudins or mullions (as described by Smith (1975) ) formed due to 319 necking or buckling of the fault core within the surrounding wall rocks. Flow instabilities 320 associated with finite-thickness layers have growth rates that are strongly dependent on 321 wavelength, leading to a dominant wavelength for a given layer thickness and viscosity 322 contrast (Biot, 1961; Smith, 1975) , a hypothesis that is testable from observations of 323 exposed fault zones (Sagy & Brodsky, 2009) ( Fig. 3a and b) suggests that long wavelength (10's of meters) corrugations have 339 relatively broad ridges and narrow troughs, consistent with this hypothesis, however an 340 analysis of the entire scanned fault surface reveals that the mean curvature is nearly 341 identical for ridges and troughs. Results for the Arkitsa Fault are thus inconclusive, 342 however, we believe that this model warrants further testing with higher resolution data 343 from a suite of large-slip faults. 344
The down-plunge continuity of the corrugations on the Arkitsa Fault surface is 345 particularly striking. If corrugations form through linking of pre-existing structures 346 (Ferrill et al., 1999) Fault corrugations may therefore generate heterogeneity in footwall and hanging wall 383 damage zones and thus alter the distribution of permeability within the fault zone (Caine 384 et al., 1996) . Fault zone permeability may in turn effect fault strength through temporal 385 and spatial variations in fluid pressure (Sibson, 1990 ). In the case of normal faults the 386 majority of strain associated with slip heterogeneity due to corrugations is likely 387 accommodated by hanging wall rocks due to the relative compliance of hanging wall 388 basin sediments as well as geometric weakening associated with dipping fault surfaces 389 
